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INTRODUCTION 

Despite  great  improvements  in  medical  care,  traumatic  brain  injury  (TBI)  remains  the  leading  cause  of 
death  in  those  under  40  years  of  age1,2,  in  both  civilian  and  military  populations.  Moreover,  as 
protective  strategies  and  acute  treatment  have  improved,  TBI  survivors  are  often  profoundly  affected 
by  the  long-term  consequences  of  injury.  These  long-term  consequences  include  two  disorders  of 
altered  brain  excitability:  chronic  headache  (usually  chronic  migraine)  and  epilepsy.  Our  proposal 
examines  the  links  between  TBI  and  these  two  conditions,  which  themselves  are  closely  related3  and 
can  occur  in  the  same  patient  after  injury.  Our  underlying  hypothesis  is  that  the  shared  susceptibility 
to  migraine  and  epilepsy  after  TBI  is  due  to  a  long-term  increase  in  cortical  excitability  induced  by 
brain  trauma.  Specifically: 

-We  suspect  that  the  secondary  injury  phase  after  TBI,  characterized  by  edema,  excitation,  and 
profound  structural  changes,  entrains  a  ‘negative’  plasticity,  which  results  in  long-term  aberrant 
excitation.  We  will  test  this  with  prospective  monitoring  and  mechanism-driven  experimental 
manipulation. 

-It  is  our  hypothesis  that  the  glial  scar  serves  as  a  nidus  of  hyperexcitability  even  after  conventional 
recovery  is  complete.  We  will  test  with  video  EEG  monitoring  for  increased  excitability,  and  will  use 
behavioral  measures  to  test  the  pain  response.  We  will  specifically  probe  the  glial  scar  and 
surrounding  tissue  for  evidence  of  aberrant  excitation. 

-If  development  of  migraine  and  epilepsy  after  TBI  is  driven  by  cortical  plasticity,  modulation  of  these 
processes  is  important,  but  clinical  tolerability  is  crucial.  Memantine  is  both  well  tolerated  and 
mechanistically  promising;  we  will  test  it  after  CCI  as  a  potential  preventive  of  post-traumatic  migraine 
and  epilepsy. 


4 


BODY 


Task  1.  Acute/subacute  experiments  after  controlled  cortical  impact  (CCI)  TBI  (Brennan, 

Dudek,  Months  1-36) 

Task  l.a.  Perform  CCI,  implant  monitoring  device,  and  monitor  for  acute/subacute  effects  of 
TBI  (7  days  after  injury)(Dudek,  Months  1-9,  24  animals). 

Dudek  Lab  CCI  Procedure. 

Male,  Sprague  Dawley  rats  (n=16)  and  C57B1/6  mice  (n=9)  were  anesthetized  with  2-4%  isofluorane 
and  pretreated  with  atropine  (2  mg/kg),  and  penicillin  (0.2  ml_,  SC,  300,000  IU).  The  surgical  site  was 
shaved,  prepped  with  betadine  scrub  and  solution  and  isolated  with  sterile  surgical  towels.  For  the 
CCI  procedure,  once  the  rat/mouse  was  secured  in  the  stereotaxic  unit,  a  rectal  probe  was  inserted 
and  a  rectal  temperature  of  37  ±  0.5  °C  was  maintained  with  a  temperature-controlled  heating  pad. 
Next,  a  mid-sagittal  skin  incision  was  made  from  the  occipital  notch  to  the  forehead.  A  dental  drill 
was  used  to  perform  a  6-mm  (for  rats)  or  2-mm  (for  mice)  craniotomy,  using  bregma,  and  coronal, 
lambdoidal,  and  interparietal  sutures  as  landmarks.  A  microprobe  (Physiotemp)  was  inserted  through 
a  burr  hole  into  the  left  frontal 
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Figure  1:  Baseline  EEG  recorded  from  a  CCI-treated  rat  (A)  90  min  and  (B)  6  hours  post  CCI  injury, 
(a)  and  (b)  are  expanded  portions  of  the  EEG  traces  in  the  red  dashed  boxes.  Note  the  suppression 
of  the  background  activity  in  the  EEG  recorded  shortly  after  the  injury. 

cortex  to  monitor  brain  temperature,  which  was  maintained  at  37  ±  0.5  °C  by  adjusting  the  warming 
blanket  and  warming  lights.  For  the  rats,  a  5-mm  metal  impactor  tip  was  pneumatically  driven  at  a 
velocity  of  4.0  m/s,  depth  of  pentration  2.0  mm  and  duration  of  100  msec  to  induce  the  traumatic  brain 
injury.  For  the  mice,  a  1-mm  metal  impactor  tip  was  pneumatically  driven  at  a  velocity  of  4.0  m/s, 
depth  of  pentration  1.0  mm  and  duration  of  100  msec  to  induce  the  traumatic  brain  injury.  For  the 
rats,  six  holes  were  drilled  into  the  skull.  Three  support  screws  were  screwed  into  the  skull  and  the 
three  wire  EEG  electrodes  placed  on  the  dura  of  the  contralateral  side  from  the  CCI-injury.  For  the 
mice,  2  holes  were  drilled  into  the  skull  for  the  support  screws  and  the  two  wire  EEG  electrodes 
placed  on  the  dura  over  the  CCI-injury  site.  The  entire  electrode  unit  was  secured  to  the  skull  with 
dental  cement.  The  skin  surrounding  the  electrode  base  was  sutured  shut  with  non-dissolvable 
suture.  Bupivicane  (7.5mg/ml,  SC)  was  applied  to  all  surgical  sites.  Age-matched  sham  craniotomies 
served  as  controls.  Shams  underwent  anesthesia  and  preparative  surgery  but  no  CCI. 
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Seizures  and  possible  cortical  spreading  depression  (CSD)  after  CCI  TBI. 

To  test  the  hypothesis  that  acute  seizures  following  a  traumatic  brain  injury  may  be  a  predisposing 
factor  for  the  development  of  PTE,  we  subjected  mice  (n=4)  to  a  moderately  severe  controlled-cortical 
impact.  Immediately  after  the  impact,  the  mice  were  implanted  with  a  novel  wireless  EEG  telemetry 
device.  To  serve  as  a  control,  sham-operated  mice  (n=5)  underwent  the  same  surgical  procedures 
but  were  not  injured.  Video-EEG  data  were  collected  for  4  days.  Over  the 

ABC 
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Figure  2:  An  example  of  an  electrographic  seizure  recorded  from  a  CCI-treated  rat  recorded  3  days 
post  CCI  injury.  The  traces  below  are  expansions  of  the  EEG  located  in  the  red  dashed  boxes. 
Temporal  progression  of  the  beginning  (A)  middle  (B)  and  end  of  the  seizure  (C). 


course  of  the  4  days,  all  of  the  CCI-injured  mice  died  while  two  of  the  sham-operated  mice  had  to  be 
euthanized.  Unfortunately,  due  to  technical  difficulties  with  the  EEG  recording  bases,  the  EEG  data 
was  compromised.  To  rectify  the  problem,  we  have  ordered  new  EEG  recording  bases.  However,  to 
demonstrate  feasibility,  we  are  presenting  data  from  a  separately  funded  project  involving  rats.  In  this 
study,  experimental  animals  (n=5)  underwent  similar  CCI  procedures  while  control  animals  (n=5) 
underwent  a  craniotomy  and  EEG  electrode  implantation  only.  Video-EEG  data  was  recorded  within 
30  min  of  the  injury  and  for  3-7  days  post  CCI-injury  with  a  tether-based  EEG  recording  setup.  In  the 
majority  of  the  CCI-injured  rats,  the  background  EEG  signal  was  suppressed  for  several  hours  (see 
Figure  1).  This  suppression  in  background  EEG  may  be  caused  by  spreading  depression.  Injury- 
induced  seizures  were  observed  in  40%  of  rats  (see  Figure  2).  All  of  the  acute  seizures  were  non- 
convulsive.  There  was  no  mortality  in  either  the  CCI-injured  or  sham-operated  groups.  Based  on  the 
data  collected  with  rats,  we  believe  that  it  is  feasible  to  record  acute  seizure  activity  following  a  severe 
traumatic  brain  injury. 


Task  l.b.  Perform  CCI,  thresholding  for  seizure,  cortical  spreading  depression  (Brennan, 
Months  1-24,  64  animals). 

Brennan  Lab  CCI  Procedure. 

The  Leica  Impact  One  steroteaxic  impactor  4  was  purchased  and  tested  for  its  reproducibility  of 
impact  parameters  (Figures  3,  4).  The  settings  used  for  all  experiments  thus  far  have  been  the 
following:  4  m/s  velocity,  100  ms  dwell  time,  1  mm  impact  depth.  We  have  been  using  a  1  mm 
diameter  flat  tipped  impactor.  So  far  the  device  has  worked  flawlessly.  2  mm  craniotomy  surgeries 
have  been  very  successful  so  far  (see  Figure  2).  All  together,  10  animals  (GFAP-STAT3-CKO  -  see 
below  -  and  WT  littermates)  have  been  subjected  to  the  above  CCI  parameters  with  a  total  of  4 
animals  receiving  sham  surgery.  To  test  the  ability  of  the  new  device  to  deliver  a  reproducible  impact, 
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3  male  animals  (2  CKO,  1  WT)  were  used  for  testing  purposes  initially.  These  animals  were  sacrificed 
and  brains  were  harvested  to  address  gross  morphological  tissue  changes  1  week  following  the 
impact  (see  Task  l.e.  below).  A  total  of  5  male  animals  (3  CKO,  2  WT)  have  been  utilized  thus  far 
that  have  received  the  impact  and  7  days  later  CSD  susceptibility  measured.  So  far  2  male  animals  (2 
CKO)  have  been  given  a  sham  surgery,  where  the  craniotomy  was  performed  but  with  no  impact.  The 
analysis  of  CSD  susceptibility  in  the  sham-operated  group  is  still  in  progress.  Finally  2  female  CKO 

and  2  female  WT  animals  have  been 
utilized  where  one  CKO  animal  received 
CCI  the  other  sham  surgery,  and  one  WT 
received  CCI  and  the  other  sham  surgery. 
These  animals  are  currently  being  utilized 
for  preliminary  measurement  of 
electrophysiology  parameters  and  cellular 
alterations  using  2-photon  microscopy 
following  CCI  (see  below). 

STAT3  conditional  knockout  (STAT3- 
CKO)  enhance  our  mechanistic 
understanding  of  TBI  effects.  Our 

collaborator  Dr.  Michael  Sofroniew  was  originally  going  to  provide  us  with  mGFAP-YFP  mice,  which 
express  yellow  fluorescent  protein  in  astrocytes,  allowing  for  specific  imaging.  These  mice  have 
unfortunately  been  inconsistent  in  their  gene  expression.  As  an  alternative  Dr.  Sofroniew  has 
provided  us  with  STAT3-CKO  mice.  These  animals  also  allow  for  identification  of  astrocytes,  but  also 
have  the  significant  benefit  that  they  allow  testing  of  a  signal  pathway  involved  in  astrocyte  reactivity 
after  TBI.  STAT3-CKO  mice,  have  selective  inactivation  of  STAT3  in  astrocytes  through  the  mGFAP 
promoter  and  show  disrupted  glial  scarring  and  attenuated  astrogliosis  surrounding  spinal  cord  injury 
5.  STAT3  is  ubiquitous  member  of  the  Jak-STAT  signaling  family,  responsible  for  the  signaling  of 
many  cytokines  and  growth  factors  6.  STAT3  is  expressed  by  most  cell  types  in  the  CNS,  and  is  up- 
regulated  following  traumatic  brain  injury  in  rodents  7.  The  time  course  of  phosphorlyated-STAT3 
(activated  STAT3)  was  shown  to  begin  shortly  after  TBI  gaining  peak  levels  around  24  hours,  and 
levels  returning  to  baseline  at  7-days,  with  phosphorylated-STAT3  shown  to  colocalize  predominantly 
with  astrocytes  1 .  We  are  beginning  to  determine  the  consequences  of  selectively  ablating  STAT3 
signaling  in  astrocytes  in  relation  to  TBI  and  cortical  excitability,  while  simultaneously  observing  the 

response  in  the  normal  astrocytes  of  wild-type  littermates. 
This  tool  significantly  amplifies  the  mechanistic  power  of 
our  proposal.  It  does  increase  the  number  of  animals  we 
will  use  for  testing  however.  The  cost  of  additional  animals 
or  experiments  (specifically  those  involving  STAT3 
transgenic  animals;  wild-type  animal  experiments  are  as 
we  proposed  initially)  has  not  and  will  not  be  borne  by 
CDMRP  unless  specifically  approved  by  the  program.  We 
will  discuss  with  our  Program  Officer. 

A  group  of  5  male  animals  thus  far  (3  GFAP-STAT3-CKO, 
and  2  WT  littermates)  have  been  subjected  to  the  CCI 
surgery  and  CSD  susceptibility  was  measured  7  days 
following  injury.  The  CSD  susceptibility  procedure  consists 
of  re-opening  the  now  fully  healed  suture  in  the  anesthetized  animal  to  expose  the  top  of  the  skull. 
Carefully  placed  burr  holes  (being  very  cautious  not  to  disrupt  the  dura  matter)  are  placed  in  both  the 
injured  (ipsilateral)  and  uninjured  (contralateral)  hemispheres.  Microcapillary  tips  are  placed  inside  the 
burr  holes  producing  a  constant  flow  (~3.2  ul/min)  of  0.9%  saline  to  start.  The  animal’s  vital  signs  and 
temperature  are  monitored  throughout  the  surgery.  A  thin  layer  of  silicone  oil  is  applied  to  the  top  of 
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the  skull  to  enhance  visibility  through  the  skull.  Approximately  15  minutes  of  images  taken  with  a  CCD 
camera  using  535  nm  LED  illumination  light  (a  wavelength  that  increases  hemoglobin  contrast)  are 
acquired  before  the  solution  perfusing  the  burrhole  is  switched  to  a  1  M  KCI  to  induce  CSD  events. 
Figure  5  displays  the  preparation.  Difference  images  highlight  the  reflectance  changes  associated 
with  CSD.  Regions  of  interest  placed  in  both  hemispheres  show  the  OIS  fluctuations  from  each  event, 
example  shown  in  traces  above.  The  number  of  CSD  events  in  both  injured  and  uninjured 
hemispheres  is  recorded  for  approximately  1  hr  following  the  first  CSD  event.  Figure  6  shows  the 
results  thus  far.  No  statistical  power  is  present  thus  far,  however,  the  effect  of  the  injury  does  seem  to 
reduce  the  number  of  CSDs  in  the  injured  cortex  in  WT  animals  more  than  in  KO  animals. 


Figure  6. 
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Task  l.c.  Perform  two-photon  experiments  72  hours  after  CCI  (Brennan,  Dudek,  Months  12-24, 
12  animals). 

Cell-type  specific  labeling  and  subcellular  resolution  imaging  after  TBI. 

To  uncover  the  cellular  processes  involved  in  TBI,  we  have  developed  all  necessary  two  photon 
microscopy  methods,  in  combination  with  in  vivo  whole-cell  electrophysiology  techniques  (see  below). 
Two-photon  microscopy  is  used  to  accomplish  longitudinal  in  vivo  studies  of  anatomical  changes  and 
to  study  changes  in  calcium  dynamics,  perfusion,  and  metabolism.  The  use  of  transgenic  animals 
with  cell  type  specific  fluorescence,  like  the  GAD67-delta  neo  mouse,  expressing  green  fluorescent 
protein  in  interneurons,  provides  the  chance  to  monitor  cell-specific  changes  caused  by  the  TBI 
experiment.  In  addition,  the  use  of  astrocytic  specific  dye  (SRI  01)  allows  the  simultaneous  inspection 
of  neuronal  and  astrocytic  changes. 

Visualization  of  astrocytes  is  important  to  the  goals  of  the  grant,  and  we  have  tried  different 
techniques  to  load  SRI  01.  The  first  techniques  consisted  in  loading  the  astrocytes  by  loading  SRI  01 
topically  in  the  area  of  the  cortex  we  wanted  to  visualize,  following  the  methods  described  in 
Nimmerjahn  et  al  2004  8.  Briefly,  a  lOOpM  solution  of  SRI  01  in  aCSF  was  applied  to  a  selected 
exposed  area  of  the  cortex.  To  have  a  better  loading  of  the  dye,  the  dura  matter  should  be  removed 
or  at  least  perforated  and  the  solution  topically  applied  for  5  minutes  and  washed  away  with  aCSF. 
The  second  technique  consisted  of  tail  vein  injection  of  the  dye  as  described  in  Appaix  et  al.  2012  9. 
In  this  case,  20mg/kg  of  SRI 01  in  physiological  solution  is  tail  vein  injected.  Usually,  after  half  an 
hour  astrocytes  are  clearly  identified.  This  technique  has  proven  to  be  more  reliable  and  with  the 
convenience  of  not  having  to  further  touch  the  area  of  the  cortex  to  be  imaged  (which  can  artifactually 
induce  astrocyte  reactivity). 


50pm  60pm  70pm  80pm  90pm 


100pm  110pm  120pm  130pm  140pm 

Figure  7:  Two-photon  microscope  imaging  of  a  GAD67-Aneo  mouse  with  all  cortical  interneurons 
identified  with  GFP  and  astrocytes  stained  with  SRI 01.  Interneurons  are  shown  in  green  and 
astrocytes  in  red,  compatible  with  fluorophore  colors.  Though  pyramidal  neurons  are  not  fluorescent, 
they  are  identified  by  their  darker  appearance.  The  scale  bar  represents  100pm. 
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Figure  8:  All  the  anatomical  elements  of  the  network  are  identified:  interneurons,  pyramidal  neurons, 
astrocytes  and  their  end-feet,  and  the  vascular  components. 
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Dendritic  beading  and  cell  swelling  caused  by  cortical  spreading  depression  (CSD),  which 
accompanies  TBI. 

CSD  is  a  massive  depolarization  that  occurs  during  and  after  TBI.  It  causes  significant  structural  and 
functional  changes,  including  (Figure  9)  dendritic  beading  similar  to  what  is  seen  during  ischemia 
except  that  it  appears  to  be  reversible. 


Figure  9:  A)  Neuritic  beading  of  the  interneurons  appears  after  a  CSD  event.  The  beading  is 
visualized  as  small  fluorescent  dots  in  the  neural  processes.  B)  Cells  swell  after  CSD.  Time  traces  of 
the  area  of  the  neuron  (shown  in  green)  and  of  a  capillary  (red)  are  displayed.  The  area  of  the  neuron 
increased  more  than  50%. 

Alterations  in  perfusion  and  metabolism  after  CSD. 

We  have  implemented  methods  to  monitor  blood  perfusion  and  metabolic  condition  of  cortex  by  two- 
photon  microscopy.  By  injecting  FITC-dextran  dyes  into  the  blood  a  real  time  quantification  of  the 
perfusion  is  accomplished.  Also,  the  intrinsic  fluorescence  of  the  cortex  can  be  monitored  providing 
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information  about  the  NAD/NADH  ratio.  We  have  successfully  used  these  techniques  to  describe 
changes  caused  by  CSD. 


Figure  10:  Massive  vascular  changes  during  and  after  CSD.  A.  Two  photon  images  of  a  cortical 
artery  and  vein  are  shown  before  and  during  a  CSD.  Diameter  changes  were  calculated  across  their 
cross-section  (artery:  red,  vein:  blue)  and  displayed  as  time  traces  in  the  plot  below  (scale  bar,  50 
pm).  B.  Arteries  also  undergo  morphological  changes  (labeling  of  elastin  fibers  with  AlexaFluor  633), 
becoming  more  irregular  (scale  bar,  50  pm).  C.  Intracortical  vascular  dynamics  during  CSD.  Images 
from  50  pm  below  the  cortical  surface  show  penetrating  arteriole  (red  arrow),  draining  veins  (blue 
arrows)  and  capillary  (yellow  inset).  Plasma  is  labeled  with  70  kD  fluorescein  dextran.  At  baseline, 
blood  flow  blurs  individual  red  blood  cells  (RBCs).  During  CSD,  arteriole  (but  not  vein)  constricts 
massively.  Capillary  blood  flow  stops,  revealing  individual  RBCs  as  dark  spots.  Shortly  after  CSD 
passage,  arteriole  dilates  beyond  baseline,  but  capillary  flow  is  still  compromised.  Scale:  arrows  are 
50  pm  long. 


Figure  11:  Fluorescein  dextran  labeled  capillaries  250  pm  below  the  cortical  surface  (left).  NADFI 
intrinsic  fluorescence  image  from  same  location  (center),  during  peak  CSD-associated  changes 
(dashed  line  on  graph).  NADH  oxidation  (red;  darkening)  and  reduction  (blue;  brightening)  can  occur, 
depending  on  location,  however  most  regions  show  reduction,  consistent  with  the  metabolic 
challenge  of  CSD.  Calibration:  10%  change  from  baseline;  45  seconds. 


Calcium  imaging  with  Oregon  green  BAPTA1-AM. 

We  have  implemented  calcium  imaging  of  cortical  cell  populations  by  bolus  loading  of  Oregon  green 
BAPTA1-AM  (OGB).  Oregon-Green  488  BAPTA-1  AM  is  prepared  at  a  concentration  of  1  mM.  We 
use  a  20%  solution  of  Pluronic  F-127  in  DMSO  and  we  dissolve  50pg  of  OGB  in  it  to  a  concentration 
of  10  mM.  Then  this  solution  is  further  diluted  (to  a  ImM  solution)  in  a  HEPES  aCSF  (150mM  NaCI, 
2.5mM  KOI,  10mM  Hepes,  with  a  pH  of  7.4).  The  calcium  indicator  is  loaded  in  a  glass  pipette  and 
bolus  loaded  in  the  cortex  at  a  depth  of  200pm  (typically  using  a  pressure  of  10  PSI  for  1  minute)  10. 
Imaging  is  started  after  an  hour  of  the  pressure  injections.  An  example  of  calcium  imaging  during 
CSD  event  is  shown  in  Figure  12.  We  have  now  successfully  loaded  cells  with  OGB1  AM  in  the  area 
close  to  TBI  (less  than  1mm  away  from  impact,  n  =  2  animals). 
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Figure  12.  0GB1  AM  loading  of  a  cell  population  in  layer  2/3  of  somatosensory  cortex  (OGB1 
selectively  labels  neurons,  but  some  astrocyte  fluorescence  is  also  possible).  The  fluorescence 
changes  corresponding  to  the  occurrence  to  a  CSD  at  t=Os  in  the  areas  depicted  by  colored  circles 
are  shown  in  the  plot  in  the  right  side.  The  bar  indicates  50  pm. 


Imaging  with  genetically  encoded  calcium  indicators  (GECI). 

The  alternative  to  dye  loading  is  to  use  GECI  11,12.  We  have  explored  the  used  of  GCaMP5  delivered 
by  viral  vector  injections.  The  use  of  AAV2/1  ,hSynap.GCaMP5G(GCaMP3- 
T302L.R303P.D380Y).WPRE.SV40  reveals  neuronal  specific  population  calcium  activity  in  the 
relevant  area  of  the  cortex,  because  the  expression  is  driven  by  the  neuron-specific  Synapsin 
promoter.  For  this  procedure,  the  animal  is  anesthetized  with  isoflurane  (5%  for  induction  and  1 .5% 
for  the  rest  of  the  procedure)  and  put  in  the  stereotactic  apparatus  for  the  correct  identification  of  the 
region  of  interest.  A  small  craniotomy  is  performed,  and  a  small  volume  (  ~1  pL)  of  the  virus 
suspension  is  loaded  in  a  glass  pipette  and  pressure  injected.  The  craniotomy  is  sealed  with  silicone 
elastomer  and  the  skin  reapposed  with  vetbond.  The  animal  is  administered  with  antibiotics  and 
analgesics  and  recovered  for  2  or  3  weeks  to  allow  for  a  sufficient  expression  of  GCaMP.  After  this 
the  animal  is  prepared  for  imaging. 


-30s  Os  60s  500s 


Figure  13:  Layer  specific  calcium  transients  in  neurons  loaded  with  genetically  encoded  calcium 
indicator.  An  adeno-associated  virus  encoding  GCaMP5  under  the  synapsin-1  promoter  (neuronal 
specific)  was  injected  in  the  cortex  and  3  weeks  later  the  mouse  was  prepared  for  imaging 
(craniotomy  over  somatosensory  cortex).  The  same  area  was  imaged  at  two  different  depths, 
corresponding  to  layer  I  and  layer  //////.  Sequences  of  images  show  the  propagation  of  the  CSD  in 
these  two  different  depths. 

Astrocyte-specific  calcium  imaging. 

We  are  particularly  interested  in  understanding  the  astrocytic  changes  related  to  TBI.  The  use  of 
Fluo4-AM  yields  astrocytic  specific  calcium  signal  that  can  be  confirmed  with  SR-101  labeling  8'10,13. 
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We  have  successfully  used  this  dye  in  WT  and  in  STAT3-CK0  animals.  The  dye  loading  method  was 
based  on  the  methods  described  by  Hirase  et  al  2004  13. 

0.1mm  -15  sec  0  sec  10  sec  90  sec  250  sec 


0  100  200  300  400 

Time  (s) 


Figure  14:  Massive  changes  in  astrocyte  calcium  activity  during  and  after  CSD.  Fluo4-AM  was  used 
to  load  astrocytes  in  the  somatosensory  cortex  of  a  WT  mouse.  A.  Time  sequence  showing  the 
propagation  and  aftermath  of  CSD.  The  wave  propagates  through  the  imaging  window  at  0  s.  Colored 
arrows  represent  astrocytes  and  circles  represent  neuropil.  Imaging  depth  100  pm.  B.  Time  traces  of 
the  fluorescent  changes  of  the  astrocytes  and  neuropil  indicated  in  A.  There  is  a  massive  increase  in 
astrocyte  calcium  activity  during  the  wave,  followed  by  a  decrease  then  a  subsequent  increase  to 
beyond  baseline.  There  is  a  persistent  increase  in  rhythmic  calcium  activity.  Right  hand  trace  shows 
field  potential  deflection  associated  with  CSD,  and  sustained  depolarization  after  the  wave  (field 
potential  does  not  return  to  baseline)  which  corresponds  temporally  with  increased  calcium  activity. 


In  vivo  whole  cell  recording  to  determine  the  mechanisms  of  increased  cortical  excitability 
after  TBI. 

To  study  functional  changes  in  cortical  neurons  after  traumatic  brain  injury,  we  have  used  in  vivo 
whole  cell  electrophysiological  recordings  1415.  These  recordings  will  be  essential  to  directly 
demonstrating  synaptic  activity  associated  with  sensory  processing  and  behavior. 


Surgical  Preparation. 

Mice  (n  =  15)  were  anesthetized  using  intraperitoneal  injection  of  urethane  (1.2-  1.5  g/kg).  Body 
temperature  was  controlled  using  a  heating  pad  and  maintained  at  37°C  throughout  the  experiment.  A 
round  craniotomy  (approx.  2  mm  in  diameter)  was  made  in  the  barrel  cortex  region  (3-4  mm  lateral  to 
the  midline  and  1-2  mm  posterior  to  the  bregma).  Dura  was  removed  using  a  30  gauge  syringe 
needle  and  fine  forceps.  Durectomy  with  less  bleeding  was  an  important  step  in  order  to  have  a  clean 
passage  for  patch  electrode  through  the  tissue.  Agar  (1%)  was  placed  on  the  brain  surface  to  keep 
the  surface  moist. 


Electrophysiological  Recordings. 

Intracellular  recordings  were  performed  using  thick-wall  glass  pipettes  pulled  from  borosilicate  glass 
capillaries  (OD  1.65  mm,  ID  1.2  mm,  Garner  Glass,  Claremont,  CA)  with  a  P-87  Flaming-Brown  puller 
(Sutter  Instruments,  Novato,  CA).  Patch  electrode  of  5-7  MC2  was  used  (tip  size  of  3-4  pm).  A  patch 
pipette  was  filled  with  intracellular  solution  containing  (in  mM;  pH  =  7.2):  120  K-gluconate,  1  NaCI,  5 
EGTA,  10  HEPES,  1  MgCI2,  130  CsCI,  1  CaCI2,  2  ATP,  0.05  mM  Alexa  594  (for  visualized 
experiments).  Signals  were  amplified  using  an  Axoprobe-ID  amplifier  (Axon  Instruments,  Foster  city, 
CA)  or  Multiclamp  700B  amplifier.  Signals  were  sampled  at  10  kHz  and  low-passed  filtered  at  2  kHz. 
Data  were  acquired  and  stored  on  a  PC  using  a  Digidata-1320A  digitizer  (Clampex,  Molecular 
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Device,  Union  City,  CA),  and  pCIamp  8.2  software  (Clampex,  Molecular  Device,  Union  City,  CA). 
Electrode  was  placed  on  the  surface  with  positive  pressure  of  30  kPa  and  advanced  to  a  depth  of 
100-200  pm.  Once  the  electrode  was  lowered  to  the  desired  cortical  depth  (layer  l-ll),  pressure  was 
reduced  to  4  kPa.  In  voltage  clamp  mode,  the  pipette  was  moved  slowly  in  steps  of  0.04  pm  through 
the  layers  of  the  cortex  while  monitoring  the  current  response  to  an  applied  voltage  step  (10  mV 
amplitude).  We  further  lowered  the  pipette  until  we  observed  a  consistent  reduction  in  response 
amplitude  (approx.  50%),  which  indicates  an  increase  in  electrode  resistance.  Then  positive  pressure 
was  removed  to  zero  and  suction  was  applied  if  necessary  to  get  a  gigaseal  (a  greater  than  giga-ohm 
series  resistance  recorded  through  the  electrode).  The  command  potential  of  -70  mV  was  applied. 
Negative  pressure  was  applied  to  obtain  a  whole-cell  configuration.  Sometimes  a  gigaseal  mode  was 
left  without  perturbing,  to  perform  cell-attached  experiments.  In  the  current-clamp  mode,  we  recorded 
the  spontaneous  and  evoked  activity.  Cortical  spreading  depression  was  induced  by  pin-prick  and 
recorded  (Figure  15). 
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Figure  15:  Whole-cell  patch  clamp  recording  of  CSD  in  vivo.  A.  Schematic  representation  of  the 
mouse  skull  demonstrating  the  location  of  craniotomy-durectomy  for  a  single-cell  recording.  Closed 
and  open  circles  represent  locations  for  electrode  placement  and  CSD  induction,  respectively.  B. 
Membrane  current  traces  showing  spontaneous  synaptic  activity  in  layer  l-ll  of  somatosensory 
neurons.  C.  Membrane  potential  changes  during  CSD,  measured  with  patch  pipettes  filled  with  K+- 
gluconate.  Following  the  induction  of  CSD  with  pinprick,  the  membrane  potential  reached  OmV  during 
the  peak  of  CSD.  Note  the  reduction  in  neuronal  firing  after  CSD.  We  will  use  in  vivo  whole  cell 
recordings  to  examine  the  membrane  and  synaptic  properties  of  neurons  after  TBI. 

In  another  set  of  experiments,  we  performed  visualized  whole-cell  recordings  using  two-photon 
microscopy.  Our  approach  was  to  use  the  ‘shadow  patching’  technique  as  described  in  the  grant. 
Briefly,  we  ejected  the  fluorescent  dye  Alexa  594  into  the  extracellular  space.  As  described  by 
Kitamura  et  al  2008  16,  individual  neurons  become  visible  as  dark  shadows  against  the  bright 
fluorescence  background.  However,  in  our  hands,  we  were  unable  to  visualize  neurons  even  under 
high  power  and  different  sets  of  ejection  systems.  At  this  stage,  we  are  confident  in  our  skills  using 
blind  patch  techniques,  as  well  as  visualized  patch  recordings  in  either  GFP  or  GECI-labelled  cells  to 
perform  all  the  experiments  outlined  in  the  proposal. 

The  success  rate  for  whole-cell  recordings  in  vivo  depends  on  many  factors  such  as  cortical 
movements,  electrode  positioning  (angle  of  approach),  and  the  craniotomy  preparation.  The  stability 
of  recordings  is  mainly  associated  with  breathing  and  heartbeat-related  movements  of  the  animal. 
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Another  issue  was  to  obtain  seal  resistance  between  the  pipette  and  cell  in  a  giga-ohm  range.  We 
were  able  to  reduce  cortical  motion  by  preparing  small  craniotomies.  Anesthetics  are  known  to  alter 
the  breathing-associated  movements  so  we  tried  using  different  compounds  such  as  urethane  or 
isoflurane  or  a  mixture  of  both.  Pure  isoflurane  results  in  poor  seal  quality,  and  pure  urethane  is 
difficult  to  control.  In  our  hands,  we  obtain  the  fewest  artifacts  and  best  anesthetic  control  with  a 
combination  of  urethane  (0.25  mg/kg,  supplemented  as  necessary)  and  isoflurane  (0.2-0. 8  %). 


Now  that  we  are  obtaining  whole-cell  recordings  in  naive  animals  on  a  regular  basis  we  have  begun 
testing  animals  after  TBI  (n  =  2  so  far).  We  will  be  collecting  data  from  wild-type  animals  on  intrinsic 
membrane  properties,  synaptic  input  during  and  after  sensory,  chemical,  and  electrical  stimulation, 
and  cortical  spreading  depression,  in  areas  near  and  distant  from  CCI  TBI  injury. 

Task  l.d.  Perform  two-photon  experiments  72  hours  after  lipopolysaccharide  injection,  acutely 
after  hypotonic  ACSF  perfusion  (Brennan,  Months  18-30,  36  animals). 


Figure  16. 


CSD  number  following  1M  KCL 


To  ascertain  the  effect  of  a  low  dose  LPS 
injection  on  cortical  excitability,  a  group  of  22 
male  animals  was  used  to  determine  the  effect 
of  LPS  exposure  to  CSD  threshold.  6  WT  and  6 
KO  animals  were  initially  used  to  determine  a 
baseline  susceptibly  of  cortex  to  1 M  KCI  induced 
spreading  depression.  A  subsequent  group  of  5 
WT  and  5  KO  animals  was  injected  with  0.5 
mg/kg  LPS  i.p.  The  CSD  susceptibility  was 
measured  24  hours  later.  The  CSD  number 
following  the  first  KCI  induced  event  was 
recorded  for  1  hour.  The  results  are  shown  in 
Figure  5  (*  =  WT  vs  WT(LPS)  P  <0.05;  #  = 
WT(LPS)  vs.  KO(LPS)  P<0.05  One-way  ANOVA 
Tukey’s  Multiple  Comparison).  LPS  treatment 
reveals  a  GFAP  cell  expressing-STAT3 
dependent  reduction  in  CSD  number  in  KO 
animals,  an  observation  not  seen  in  the 
untreated  group.  These  show  that  the  immunological  activation  associated  with  TBI  has  effects  on 
cortical  excitability.  It  appears  that  LPS-induced  immunological  activation  reduces  cortical  excitability, 
in  a  manner  that  is  dependent  on  astrocytic  STAT3  signaling  pathway  function.  These  results  are 
being  supplemented  with  histology  and  2-photon  imaging,  and  will  soon  be  prepared  for  publication. 


Task  l.e.  Perform  histological  analysis  on  animals  24,  48,  72  hours,  and  7  days  after  CCI  TBI 
(Sofroniew,  Brennan,  Dudek,  Months  1-24,  32  animals). 


Preliminary  histology  using  standard  methods  has  been  performed  so  far  at  the  7  days  post  injury 
time  point  with  more  histological  experiments  planned.  Methods  are  being  testing  in  the  laboratory 
now  for  the  routine  analysis  of  TBI  tissue  -  more  complex  histology  will  be  performed  by  our 
collaborator  Dr.  Michael  Sofroniew.  Figure  17  shows  the  typical  lesion  pattern  following  our  protocol. 
Figure  18  shows  Nissl  stain  at  different  magnifications.  There  does  appear  to  be  an  increased 
granular  staining  pattern  near  the  lesion  site  in  KO  animal  tissue.  However,  this  finding  needs  to  be 
confirmed  with  more  staining. 
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Figure  17:  Typical  brain  after  PBS  and  PFA  perfusion, 
diameter. 


the  CCI  injury  is  approximately  2  mm  in 


Figure  18.  Light  microscopy  images  of  Nissl  stain  displaying  lesion  area  1  week  following  impact  in 
WT  (Stat3-LoxP)  and  KO  (Stat3-LoxP-Cre) 
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Finally,  several  new  antibodies  have  been  successfully  tested  in  the  transgenic  mouse  lines,  and 
subsequent  work  will  use  these  antibodies  for  co-labeling  studies.  Figure  19  demonstrates  our  ability 
to  label  neurons  (NeuN),  microglia  (Ibal),  and  astrocytes  (GFAP)  in  the  mouse  cortex. 

Figure  19. 


Task  l.f.  Perform  plasma  protein  extravasation  and  brain  water  content  experiments,  analysis 
on  animals  24,  48,  72  hours,  7  days  after  CCI  TBI  (Brennan/Dudek,  Months  1-24,  32  animals). 

Pending. 

Task  l.g.  Analyze  results,  correlate  with  histological  and  other  experimental  data,  prepare  data 
for  publication  (Brennan/Dudek,  Sofroniew,  Months  25-36). 

Pending. 

Task  2.  Chronic  experiments  after  CCI  TBI  (Brennan.  Dudek,  Months  1-36). 

Work  in  Task  2  pending  completion  of  the  bulk  of  Task  1 .  Specific  sub-tasks  are  below.  However,  our 
preliminary  data  showing  the  effects  of  memantine  on  recovery  from  ischemic  brain  injury  (relevant  to 
Tasks  2.b.  and  2.h.)  have  been  submitted  for  publication.  The  manuscript  is  attached  as  Appendix  1. 

a.  Perform  CCI,  implant  monitoring  device,  and  monitor  for  chronic  effects  of  TBI  (3 
months  after  injury)(Dudek,  Months  18-24,  24  animals). 

b.  Perform  CCI,  implant  monitoring  device,  and  monitor  for  effects  of  memantine 
treatment  after  TBI  (3  months  after  injury)(Dudek,  Months  18-24,  32  animals). 

c.  Peform  voltage  sensitive  dye  experiments  3  months  after  CCI  (Brennan,  Months 
24-36,  12  animals). 

d.  Perform  CCI,  two-photon  experiments  3  months  after  CCI  (Brennan,  Dudek 
Months  24-36,  12  animals). 

e.  Perform  histological  analysis  on  animals  3  months  after  CCI  TBI  (Sofroniew, 
Brennan,  Dudek,  Months  18-36,  80  animals). 

f.  Perform  plasma  protein  extravasation  and  brain  water  content  experiments, 
analysis  on  animals  3  months  after  CCI  TBI  (Brennan/Dudek,  Months  18-36,  40 
animals). 

g.  Perform  nociception  behavior  experiments  (mechanical  and  thermal  thresholds, 
rotarod)  on  animals  3  months  after  CCI  TBI  (Bates,  Brennan,  Months  18-36,  160 
animals). 

h.  Perform  nociception  behavior  experiments  (mechanical  and  thermal  thresholds, 
rotarod)  on  animals  3  months  after  CCI  TBI  and  treatment  with  memantine  or 
placebo  (Bates,  Brennan,  Months  18-36,  160  animals). 
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Analyze  results,  correlate  with  histological  and  other  experimental  data,  prepare 
data  for  publication  (Brennan/Dudek,  Bates,  Sofroniew,  months  25-36). 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•Optimized  controlled  cortical  impact  TBI  (CCI)  parameters  for  mouse. 

•Implemented  two-photon  microscopy  and  whole  cell  recording  in  vivo,  now  performing  after  CCI. 

•Performing  continuous  EEG  monitoring  of  mice  after  CCI  to  monitor  for  seizures  and  cortical 
spreading  depression  (CSD). 

•Showed  that  lipopolysaccharide  (LPS)  treatment,  used  to  model  inflammatory  effects  of  TBI,  reduces 
susceptibility  CSD,  but  not  in  mice  where  astrocyte  STAT3  signaling  disrupted. 

•Measuring  susceptibility  to  CSD  after  CCI. 


REPORTABLE  OUTCOMES 


•None  so  far.  However  LPS  results  are  publication-ready,  when  supplemented  by  histology  and  2- 
photon  imaging. 


CONCLUSION 


In  the  first  six  months  since  the  funding  of  this  award  we  have  established  and  validated  all  the 
experimental  techniques  we  will  need  for  the  completion  of  the  project,  and  have  begun  collecting 
data  in  earnest.  We  are  now  collecting  publication-ready  data  for  each  sub-task  and  already  have 
publication-ready  data  showing  effects  of  TBI-associated  immune  activation  on  cortical  excitability. 
Our  next  steps  will  be  to  complete  acute  experiments  measuring  CSD  susceptibility,  neuronal 
excitability,  and  astrocyte  calcium  activity  after  CCI,  and  begin  chronic  experiments  measuring  long¬ 
term  sequelae  of  TBI  and  their  modulation  with  memantine.  We  are  also  attempting  to  extend  our 
present  work  in  order  to  maximize  military-relevant  synergies:  we  have  applied  for  a  VA  Merit  Award 
extending  the  present  research;  in  doing  so  we  have  begun  a  collaboration  with  a  University  of  Utah 
engineer  (Dr.  Kenneth  Monson)  performing  blast  TBI.  Blast  TBI  is  not  part  of  this  grant  but  enhances 
our  ability  to  model  all  effects  of  military  TBI.  In  addition,  with  co-investigator  Dr.  Ed  Dudek,  we  have 
entered  collaboration  with  University  of  Utah  and  Wahlen  VA  imaging  researchers  (Drs.  Deborah 
Yurgelun-Todd,  Melissa  Lopez-Larson,  and  Perry  Renshaw)  measuring  other  comorbidities  (PTSD, 
depression)  of  TBI.  We  are  planning  a  DOD  or  VA  program  grant  application  incorporating  human 
and  animal  research. 

So  what? 

If  successful  our  work  will: 

•Define  the  natural  history  of  excitable  events  in  the  brain  after  TBI. 

•Determine  the  mechanisms  of  these  excitable  events. 

•Develop  treatments  that  prevent  the  progression  to  migraine  and  epilepsy  after  TBI. 

If  we  achieve  our  goals,  they  will  have  a  measurable  impact  on  the  quality  of  life  of  our  service 
personnel,  our  veterans,  and  the  civilian  TBI  population. 
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Abstract 


Stroke  treatment  is  constrained  by  extremely  limited  treatment  windows,  and  the  clinical  inefficacy  of  agents 
that  showed  preclinical  promise.  Yet  animal  and  clinical  data  suggest  considerable  post-stroke  plasticity,  which 
could  allow  for  treatment  with  recovery-modulating  agents.  Memantine  (MEM)  is  a  well-tolerated  N-methyl  D- 
aspartate  (NMD A)  glutamate  receptor  antagonist  in  common  use  for  Alzheimer’s  disease.  MEM,  30mg/kg/day, 
or  vehicle,  was  delivered  chronically  in  drinking  water  beginning  more  than  2  hours  after  photothrombotic 
stroke.  No  difference  in  infarct  size  or  neuronal  number  was  noted,  showing  that  no  neuroprotective  effects 
were  present.  However,  mice  treated  chronically  with  MEM  showed  significant  improvements  in  motor  control 
as  measured  by  cylinder  test  and  grid  walking  performance  compared  to  vehicle  treated  animals.  Optical 
intrinsic  signal  (OIS)  imaging  revealed  an  increased  area  of  forepaw  sensory  maps.  There  was  decreased 
reactive  astrogliosis  and  increased  vascular  density  around  the  infarcted  cortex.  Peri-infarct  Western  blots 
revealed  increased  brain-derived  neurotrophic  factor  (BDNF)  and  phosphorylated-Tropomyosin-related  kinase 
B  receptor  (p-TrkB)  expression.  Our  results  suggest  that  MEM  improves  stroke  outcome  in  a  non- 
neuroprotective  manner  involving  increased  BDNF  signaling,  reduced  reactive  astrogliosis  and  improved 
vascularization,  associated  with  improved  recovery  of  sensory  and  motor  cortical  function.  The  clinical 
availability  and  tolerability  of  MEM  allow  for  immediate  clinical  translation  if  warranted. 
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Introduction 


Stroke  is  the  second  leading  cause  of  death,  and  is  a  major  cause  of  morbidity  worldwide  (Kinlay,  2011;  Roger 
et  ah,  2012).  Despite  an  enormous  amount  of  preclinical  and  clinical  research,  treatment  options  are  limited. 
The  use  of  tissue  plasminogen  activator  (the  only  FDA-approved  treatment  for  stroke)  is  restricted  to  the  few 
hours  after  stroke,  and  beyond  this  narrow  time  window  treatment  is  limited  to  supportive  care,  secondary 
prevention,  and  rehabilitation  techniques  (Zhang  and  Chopp,  2009;  Benowitz  and  Carmichael,  2010; 
Carmichael,  2010). 

Neuroprotection,  the  prevention  of  cell  death  beyond  the  boundaries  of  the  infarct  core,  has  held  great 
preclinical  promise  for  many  years.  However  the  significant  protective  effects  seen  in  animal  models  have 
failed  to  be  translated  to  clinical  use,  in  large  part  because  of  the  clinical  inefficacy  of  the  agents  used  in  animal 
models. 

Despite  the  loss  of  neuronal  tissue,  considerable  plasticity  is  retained  after  stroke  in  both  animal  models  and  in 
humans.  The  manipulation  of  the  recovery  process  has  emerged  as  an  alternative  and  potentially  more  tractable 
target  in  stroke  research  (Zhang  and  Chopp,  2009;  Clarkson  et  al.,  2010,  2011). 

Memantine  (MEM)  is  a  non-competitive,  use-dependent  NMDA  antagonist,  which  is  in  common  clinical  use 
for  treatment  of  moderate  to  severe  Alzheimer’s  disease  (Rammes  et  ah,  2008;  Thomas  and  Grossberg,  2009). 
As  an  NMDA  antagonist,  MEM  has  been  tested  for  neuroprotective  effects  and  has  been  found  to  reduce  infarct 
size  when  given  acutely  (Chen  et  al.  1998;  Gorgiilu  et  al.  2000;  Lapchak  2006;  Hao  et  al.  2008;  Liu  et  al. 
2009;  Babu  &  Ramanathan  2009).  However,  MEM  has  other  effects  that  may  be  relevant  beyond  the  acute 
setting.  For  example,  MEM  treatment  causes  an  increase  in  secretion  of  brain-derived  neurotrophic  factor 
(BDNF)(Marvanova  et  ah,  2001;  Meisner  et  ah,  2008),  which  is  involved  in  cortical  plasticity  after  stroke 
(Murphy  and  Corbett,  2009;  Clarkson  et  ah,  2011). 
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We  treated  mice  chronically  with  MEM  or  vehicle  more  than  2  hours  after  stroke,  in  order  to  minimize  MEM’s 
known  neuroprotective  effects.  We  used  doses  specifically  designed  to  mimic  serum  concentrations  in  humans 
(Minkeviciene  et  ah,  2004).  We  found  that  despite  an  absence  of  neuroprotection,  MEM  improved  stroke 
outcome  as  measured  by  behavioral  testing  and  recovery  of  functional  sensory  maps.  This  effect  was  associated 
with  decreased  reactive  astrogliosis,  increased  vascular  density,  and  increased  BDNF  and  p-TrkB  expression. 
Given  the  tolerability  of  MEM  in  an  aged  population  with  characteristics  similar  to  stroke  patients,  our  results 
may  have  direct  translational  relevance. 


26 


Methods 


Animals 

Male  C57BL/6J  mice  (n  =  40;  28-32  g)  were  housed  under  a  12-hour  light/dark  cycle  with  ad  libitum  access  to 
food  and  water.  All  protocols  were  approved  by  the  Animal  Research  Committee  of  the  University  of 
California. 

Induction  of  Focal  Ischemia 

Animals  were  anesthetized  with  isoflurane  (4%  induction  and  2. 0-2. 5%  maintenance)  and  placed  in  a 
stereotactic  frame.  A  small  amount  of  petrolatum  was  placed  in  both  eyes  to  avoid  corneal  drying.  The  head  was 
shaved  and  providone-iodine  solution  was  applied  and  subsequently  cleaned  with  70%  ethanol.  A  midline  scalp 
incision  exposed  the  skull  overlying  the  left  motor  and  somatosensory  cortex  and  the  skin  was  retracted.  A  cold 
light  source  (KL1500  LCD,  Zeiss)  attached  to  a  40x  objective  and  giving  a  2-inm  diameter  circle  of 
illumination  was  positioned  1.5  mm  lateral  from  Bregma  (centered  over  forepaw  (FP)  motor  cortex,  but 
affecting  hindpaw  (HP)  motor  cortex,  FP  and  HP  sensory  cortex,  and  supplementary  motor  areas  as  well  -  see 
Figure  IB).  Rose  Bengal  (200ul  of  a  lOmg/ml  solution;  Sigma)  was  injected  intraperitoneally  5  minutes  prior 
to  induction  of  photothrombosis,  which  was  induced  following  fifteen  minutes  of  irradiation. 

Optical  Intrinsic  Signal  (OIS)  Imaging 

Surgery  and  recovery.  Animals  were  imaged  7  days  before  and  7,  14  and  28  days  after  focal  ischemia.  Mice 
were  anesthetized  with  enflurane  (4%  induction  and  1.5-  2%  maintenance)  and  placed  in  a  stereotactic  frame. 
Sterile  scalp  preparation  and  skull  exposure  was  performed  as  above.  The  skull  was  cleaned  with  sterile  saline 
solution  and  the  periosteum  was  removed  carefully  with  small  forceps.  To  increase  the  translucency  of  the  skull, 
sterile  silicone  oil  was  applied.  During  imaging,  anesthesia  was  adjusted  to  maintain  a  respiratory  frequency  of 
100-120  breaths  per  minute,  a  corneal  blink  reflex  and  no  response  to  toe  pinch.  Body  temperature  was 
monitored  and  maintained  at  37.0  °C  with  a  homeothermic  blanket  (Harvard  Apparatus).  At  the  end  of  the 
experiment,  the  scalp  was  cleaned  with  sterile  saline  solution  and  sutured  (6-0  silk),  and  antibiotic  (Animax 
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cream,  Pharmaderm)  was  applied  over  the  suture.  Sterile  saline  solution  (0.4  mL)  was  injected  subcutaneously 
for  hydration,  and  the  animals  were  allowed  to  recover  in  a  warmed  environment. 

Image  acquisition.  A  cooled  16-bit  CCD  camera  (Photon  Max  512B,  Princeton  Instruments)  connected  to  a 
tandem  lens  system  (two  25-mm  f/0.95  Cosmicar/Pentax  CCTV  lenses,  attached  front  to  front,  IX 
magnification,  field  of  view  6.6  mm  and  pixel  size  0.016mm)  was  used  to  acquire  cortical  reflectance  signal. 
The  cortical  surface  vessels  of  the  left  hemisphere  were  recorded  through  the  intact  skull,  during  illumination 
with  either  a  white  or  green  LED  light  source  (Luxeon  III,  5550  K;  and  530  mn,  FWHM  18  mn  respectively; 
Phillips  Lumileds);  these  vessels,  along  with  the  bony  landmarks  (bregma  and  lambda)  served  as  an  anatomical 
reference.  After  that,  the  field  of  view  was  defocused  300-350  pm  below  the  vessels,  and  the  illumination  was 
changed  to  red  LEDs  (Luxeon  III,  617  mn;  FWHM  18  mn),  which  were  used  for  the  rest  of  the  experiment. 
Illumination  was  adjusted  to  be  even  across  the  imaged  field,  at  an  intensity  approximately  60%  of  the  camera’s 
dynamic  range.  Images  were  acquired  at  2  Hz  with  a  400  ms  exposure  time. 

Generation  of  functional  maps.  Electrical  stimulation  (50Hz,  0.001  s  pulse  width,  0.14-0.22  mA)  was  generated 
by  a  pulse  stimulator  (Master  8,  A.M.P.I.),  connected  to  a  stimulus  isolator  (Iso-Flex,  A.M.P.I.)  and  delivered  to 
the  tissue  through  pair  of  subdennal  needle  electrodes  (27  GA;  Rochester  Electro-Medical,  Inc.)  which  were 
inserted  2  nun  apart  under  the  proximal  and  distal  walking  pads  of  the  right  FP  and  HP.  The  electrical 
stimulation  was  delivered  5  s  after  the  start  of  each  trial,  and  the  total  duration  of  one  trial  was  25  s.  An  image 
session  consisted  of  32  trials  for  each  FP  and  HP,  with  an  intertrial  interval  of  5  s,  alternating  between  FP  and 
HP.  Images  were  acquired  with  WinView  software  (Princeton  Instruments).  Image  acquisition  and  electric 
stimulation  were  controlled  with  a  custom  LabView  (National  Instruments)  virtual  instrument. 

Memantine  Treatment 

Mice  were  treated  for  28  days  with  memantine  (1  -amino-3, 5 -dimethyl-adamantane;  Sigma)  HCL  (30  mg/kg/day 
in  a  2%  sucrose  solution  (Minkeviciene  et  ah,  2004))  or  vehicle  only  (2%  sucrose)  delivered  continuously  in 
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drinking  water  beginning  more  than  2hrs  after  stroke.  This  dosing  regimen  results  in  serum  concentrations  of 
~lpM  in  C57B1/6J  mice,  comparable  to  the  therapeutic  plasma  concentration  in  humans  (Komhuber  and  Quack, 
1995;  Minkeviciene  et  ah,  2004)  Animals  were  returned  to  their  home  cage  for  recovery  from  the 
photothrombosis  procedure.  Animals  had  been  hydrated  prior  to  recovery  (see  above)  and  food  pellets 
moistened  with  MEM-free  water  were  available  on  the  floor  of  the  cage.  MEM  in  drinking  water  was  delivered 
2  hours  after  placement  in  the  cage.  Typically,  animals  did  not  begin  drinking  from  the  mounted  cage  bottle 
until  2-4  hours  after  placement  in  the  cage. 

Data  Processing  and  Analysis. 

Sensory  evoked  changes  in  cortical  light  reflectance  are  typically  0.1  %  or  less  of  the  total  intensity  of  the 
reflected  light  (Grinvald  et  al.,  1986;  Frostig  et  al.,  1990),  so  signaling  averaging  was  performed.  Sixteen-bit 
data  collected  for  each  trial  were  converted  to  32  bit,  to  preserve  the  data  resolution  and  dynamic  range  during 
subsequent  analysis,  and  then  nonnalized  trial  by  trial  according  to  the  formula  AR/R,  where  AR  =  Rx  -  R.  Rx 
is  the  data  collected  during  a  given  0.5  s  frame,  and  R  is  the  average  of  9  frames  collected  before  the  stimulus. 
For  an  anatomically  homogeneous  comparison  between  sessions  and  animals,  a  2  mm  square  region  of  interest 
(ROI)  was  centered  1.68  mm  lateral  and  0.53  mm  posterior  to  bregma  for  HP,  and  2.18  mm  lateral  and  0.08  mm 
anterior  to  bregma  for  FP,  based  on  atlas  coordinates  (Figure  IB)  (Franklin  and  Paxinos,  1997).  In  all 
experiments  the  FP  or  HP  maps  were  within  the  boundaries  of  the  ROI. 

Quantification  of  Active  Area.  Normalized  images  were  processed  with  a  Gaussian  fdter  (half-width,  3  pixels) 
to  remove  high  frequency  noise  and  a  signal  threshold  was  set  at  50  %  of  the  maximal  response.  Functional 
response  area  was  quantified  from  the  image  where  maximum  reflectance  change  was  noted  (this  was  either  1.5 
or  2.0  s  after  stimulus  onset),  and  all  the  pixels  beyond  signal  threshold  were  summed  and  converted  to  mm2. 
Image  analysis  was  perfonned  using  either  plugins  or  custom  routines  written  for  ImageJ  1.40g  (Rasband, 
1997). 
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Behavioral  testing  and  analysis 

Cylinder  test  and  grid-walking  test  were  performed  7  days  before,  and  7,  14,  21,  and  28  days  after  stroke 
(Figure  1A).  Cylinder  test.  Animals  were  placed  in  a  clear  acrylic  cylinder  (15  cm  height;  10  cm  diameter)  and 
were  videotaped  for  10  min  in  order  to  detennine  forelimb  preference.  Video  footage  was  analyzed  offline  by 
raters  blind  as  to  the  treatment  groups.  The  total  number  of  cylinder  contacts  with  left,  right  and  both  forelimbs 
were  counted  and  the  index  for  preference  was  obtained  following  the  fonnula:  Index  =  (Left  -  Right)/  (Left  + 
Right  +  simultaneous)  (Schallert  et  al.,  2000;  Li  et  al.,  2004;  Kleim  et  al.,  2007) 

Grid-walking  test.  The  grid-walking  test  was  carried  out  as  previously  described  (Clarkson  et  al.,  2010,  2011), 
using  a  12mm  square  wire  mesh  with  a  grid  area  32cm  /  20cm  /  50cm  (length  /  width  /  height).  A  mirror  was 
placed  beneath  the  apparatus  to  allow  video  footage  of  animals’  stepping  errors  (‘foot-faults’).  Each  mouse  was 
placed  individually  atop  of  the  elevated  wire  grid  and  allowed  to  freely  walk  for  a  period  of  5min.  Video 
footage  was  analyzed  offline  by  raters  blind  as  to  the  treatment  groups.  The  total  number  of  foot-faults  for  each 
limb,  along  with  the  total  number  of  non-foot-fault  steps,  was  counted,  and  a  ratio  between  foot-faults  and  total- 
steps-taken  calculated.  Percent  foot-faults  were  calculated  by:  [#foot-faults  /  (#foot-faults  +  #non-foot-fault 
steps)  *  100].  A  ratio  between  foot-faults  and  total-steps-taken  was  used  to  take  into  account  differences  in  the 
degree  of  locomotion  between  animals  and  trials.  A  step  was  considered  a  foot-fault  if  it  was  not  providing 
support  and  the  foot  went  through  the  grid  hole.  Further,  if  an  animal  was  resting  with  the  grid  at  the  level  of  the 
wrist,  this  was  also  considered  a  fault.  If  the  grid  was  anywhere  forward  of  the  wrist  area  then  this  was 
considered  as  a  normal  step. 

Protein  extraction  and  Western  blot  analysis 

Mice  were  sacrificed  by  overdose  of  halothane  and  rapidly  decapitated.  Brains  were  placed  in  a  mouse  matrix  in 
which  a  2  mm  coronal  section  was  cut  ,  -1  mm  to  +1  mm  from  bregma.  This  section  included  the  whole 
ischemic  area  (left  hemisphere)  and  cognate  regions  from  the  contralateral  uninjured  hemisphere  (Figure  IB). 
The  tissue  section  was  cut  sagittally  along  the  midline  and  both  hemispheres  were  separately  frozen  in  dry  ice 
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for  biochemical  analysis.  Protein  extracts  were  prepared  by  homogenizing  whole  brain  hemisphere  samples  in 
T-per  (Pierce)  extraction  buffer  (150  mg/ml),  complemented  with  a  protease  (Complete  Mini  Protease  Inhibitor 
Tablets,  Roche)  and  phosphatase  inhibitors  (5  rnmol/L  sodium  fluoride  and  1  mrnol/L  sodium  orthovanadate, 
Sigma),  followed  by  centrifugation  at  100,000  x  g  for  1  hour.  Protein  concentration  in  the  supernatant  was 
detennined  using  the  Bradford  assay  (Bio-Rad).  We  analyzed  the  expression  of  both  fonns  of  BDNF  (precursor 
and  mature),  their  receptor  (TrkB)  and  GNDF.  Equal  amounts  of  protein  per  sample  (10-20  pg,  depending  on 
protein  of  interest),  were  loaded  in  4  to  12%  gradient  Bis-Tris  gels  (Invitrogen,  Carlsbad,  CA)  and  transferred  to 
nitrocellulose  membranes  using  the  iblot  system  from  Invitrogen.  Membranes  were  blocked  for  1  hour  in  5% 
(v/v)  suspension  of  nonfat  milk  or  bovine  serum  albumin  in  0.2%  Tween  20  Tris-buffered  saline  (pH  7.5),  and 
processed  as  described  (Martinez-Coria  et  ah,  2010).  The  primary  antibodies  used  for  Western  blots  were  anti- 
VEGF  (1:1000,  Millipore),  anti-GDNF,  (1:1000,  Abeam),  anti-BDNF  (1:1000,  Abeam),  anti-Trk-B  (1:1000, 
Abeam),  anti-phospho-Trk-B  (1:500,  Abeam).  Quantitative  densiometric  analyses  were  perfonned  using  the  Gel 
Analyzer  Plugin  for  ImageJ  1 .40g. 

Histology 

Mice  were  sacrificed  by  overdose  of  halothane,  and  perfused  transcardially  with  0.9  %  NaCl  followed  by  4% 
paraformaldehyde  in  phosphate-buffered  saline,  pH  7.4,  28  days  after  photothrombosis.  The  brains  were 
removed  from  the  skull,  post- fixed  for  a  further  2  hours  and  then  transferred  to  buffered  30%  sucrose  overnight 
or  until  the  brains  had  sunk  to  cryoprotect.  Forty- pm  frozen  sections  were  cut  with  a  cryostat  microtome  (Leica, 
Nussloch,  Germany)  and  stored  in  a  cryoprotectant  solution  pending  further  processing. 

Nissl  stain  and  infarct  measurement.  Every  third  section  was  collected  to  quantify  infarct  volumes  using  cresyl 
violet  (Nissl)  stain  (Ohab  et  ah,  2006;  Clarkson  et  ah,  2010).  Using  Stereoinvestigator  software,  the  area  of 
infarction  on  each  section  was  quantified  by  measuring  the  ipsilateral  hemisphere  (excluding  the  infarct) 
relative  to  the  contralateral  hemisphere.  The  volume  was  quantified  relative  to  section  thickness  and  distance 
between  sections.  Sections  derived  from  intact,  operated,  and  sham-operated  animals  were  analyzed.  Because 
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no  differences  were  detected  between  the  patterns  of  staining  in  the  cerebral  cortex  of  intact  animals  and  those 
found  in  cortex  contralateral  to  the  infarcted  hemisphere  in  operated  animals,  in  each  subject  the  contralateral 
hemicortex  served  as  control. 

Immunohistochemistry.  Immunohistochemical  staining  of  glial  fibrillary  acidic  protein  (GFAP),  neuronal 
nuclear  antigen  (NeuN)  and  platelet  endothelial  cell  adhesion  molecule  (PECAM-1)  were  used  to  evaluate 
gliosis,  neuronal  and  blood  vessel  density,  respectively.  Brightfield  immunohistochemistry  was 
performed  using  biotinylated  secondary  antibodies  (Vector,  Burlingame,  CA),  biotin-avidin-peroxidase 
complex  (Vector)  and  diaminobenzidine  (DAB,  Vector)  as  the  developing  agent  as  described  (Myer  et  ah, 
2006).  Primary  antibodies  were:  rabbit  anti-GFAP  (1:10,000;  Dako),  rat  ant-PECAM-1  (1:400;  BD 
pharmigen),  bio-NeuN  (1:2500;  Millipore). 

Image  analysis.  Stained  sections  were  examined  and  photographed  using  brightfield  microscopy  (5X 
magnification)  with  the  same  microscope  settings  (Zeiss,  Oberkochen,  Germany)  and  on  the  same  day.  Image 
analysis  was  conducted  using  Image J  1.40g  (Rasband  1997).  Prior  to  any  quantification,  contrast  in  all  the 
original  images  was  automatically  and  uniformly  adjusted  using  the  ImageJ  Enhance  Contrast  plugin  (0.4% 
saturated  pixels).  The  contralateral  hemicortex  served  as  a  control.  Immunohistochemical  images  from  animals 
with  stroke  were  analyzed  from  the  end  of  the  scar  to  a  lateral  distance  of  2100  pm,  divided  into  6  regions  (350 
pm  width,  height  was  thickness  of  cortex;  Figures  2,  5,  6).  Sham  treated  animals  were  analyzed  over  identical 
cortical  regions.  Because  post-stroke  scarring  causes  changes  in  cortical  thickness,  all  measures  were 
normalized  to  the  area  of  the  region  analyzed.  For  GFAP  quantification,  the  original  color  images  were 
decomposed  into  their  color  channels  (blue,  green  and  red)  and  the  green  image  was  chosen  for  posterior 
analysis  as  it  exhibited  the  greatest  contrast.  An  arbitrary  threshold  of  intensity  of  100  was  established  for  all 
images  and  the  percent  area  occupied  by  GFAP  inmunoreactivity  in  each  area  was  measured  automatically.  For 
NeuN  quantification  the  color  images  were  binarized  and  a  threshold  area  of  7pm2  was  established.  The  percent 
area  occupied  by  NeuN  immunoreactivity  in  each  region  was  measured  using  the  ImageJ  Analyze  Particles 
Plugin.  For  detennination  of  cell  size,  individual  cells  were  selected  in  Area  1  (closest  to  the  scar;  Figure  2), 
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and  areas  were  detennined  using  ImageJ  Cell  Counter  and  Analyze  Particles  Plugins  and  then  averaged.  For 
PECAM-1  quantification  the  background  for  each  color  was  subtracted  and  the  resulted  images  were  binarized. 
For  vascular  quantification,  in  order  to  evaluate  tubelike  structures,  a  minimal  threshold  of  I  On  nr  and 
maximum  circularly  of  0.5  was  established  with  ImageJ  Analyze  Particles  Plugin.  The  percentage  of  each 
region  occupied  by  PECAM-1  immunoreactivity  and  the  size  of  individual  pixel  clusters  were  measured  and 
then  averaged.  For  glial  scar  quantification,  the  scar  was  manually  traced  in  GFAP  images  and  area  measured 
using  ImageJ.  For  all  quantifications,  pixels  were  converted  to  pm  (pixel  size=0.738  pm) 

Statistical  Analysis. 

Comparisons  were  made  with  Student’s  t  test,  one  way  ANOVA,  and  repeated-measures  one  way  ANOVA 
using  Prism  4.0  (Graph  Pad  Software,  San  Diego),  after  verification  that  data  were  appropriate  for  parametric 
testing.  For  behavioral  testing,  differences  between  treatment  groups  were  analyzed  using  two-way  ANOVA 
with  repeated  measures  and  Newman-Keuls'  multiple  pair-wise  comparisons  for  post  hoc  comparisons.  A  p 
value  <  0.05  was  considered  statistically  significant.  Data  are  expressed  as  the  mean  ±  SEM. 
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Results 


Identical  infarct  size  and  neuronal  density  in  MEM-  and  vehicle-treated  animals. 

Consistent  with  previous  work  (Clarkson  et  al.,  2010)  an  infarct  centered  1.5mm  lateral  to  Bregma  affected 
primary  motor  cortex  as  well  as  FP  and  HP  sensory  cortex,  with  HP  sensory  cortex  being  more  severely 
affected  (Figure  2A,B).  There  was  no  difference  in  infarct  size  measured  by  Nissl  staining  between  MEM-  and 
vehicle-treated  animals  (Figure  2A-C),  consistent  with  other  work  in  which  MEM  was  given  more  than  2  hours 
after  ischemia  (Lapchak,  2006;  Babu  and  Ramanathan,  2009).  NeuN  staining  was  used  to  measure  neuronal 
density  and  cell  size  in  the  peri-infarct  region,  and  showed  no  difference  between  treated  and  untreated  animals 
(Figure  2D-H).  We  concluded  that  MEM  was  not  exerting  neuroprotective  effects  using  our  treatment  regimen. 

Improved  forepaw  behavioral  recovery  in  MEM-treated  animals. 

Despite  identical  infarct  volumes,  there  was  significant  improvement  in  behavioral  measures  of  recovery  in 
MEM-treated  mice  compared  to  vehicle-treated  animals.  The  cylinder  test  measures  exploratory  forelimb 
movements,  and  is  commonly  used  to  measure  functional  recovery  from  stroke  (Kleim  et  al.,  2007;  Clarkson  et 
al.,  2010,  2011).  Though  both  MEM-  and  vehicle-treated  animals  showed  a  significant  increase  in  forelimb  use 
asymmetry  after  stroke,  MEM-treated  animals  showed  a  progressive  recovery  of  the  impaired  limb,  which  was 
significant  at  28  days  post-stroke  (Figure  3A).  The  grid-walking  test  is  another  commonly  used  measure  of 
post-stroke  functional  recovery  (Clarkson  et  al.,  2010,  201 1)  which  measures  both  fore-  and  hindlimb  function. 
There  was  a  significant  increase  in  FP  and  HP  foot  faults  after  stroke  and  a  subsequent  slow  recovery  of 
function,  which  was  more  prominent  in  FP  than  HP.  MEM-treated  animals  showed  a  greater  reduction  in  foot¬ 
faults,  which  became  significant  28  days  after  stroke.  A  non-significant  improvement  in  HP  function  was  also 
seen  28  days  after  stroke  (Figure  3B,C).  The  combined  behavioral  test  data  indicates  that  MEM  treatment  was 
associated  with  improved  functional  recovery  of  FP,  but  not  HP,  function  after  stroke. 

Improved  functional  recovery  of  forepaw  sensory  maps  with  MEM  treatment. 


34 


We  used  OIS  to  measure  FP  and  HP  sensory  maps  before  and  after  stroke.  FP  and  HP  stimulation  revealed 
distinct  regions  of  activation  (Figure  4A),  which  were  essentially  abolished  after  stroke.  FP  maps  showed  a 
significant  increase  in  area  in  MEM-treated  compared  to  vehicle-treated  animals  at  28  days  after  stroke.  The 
area  of  activation  for  both  FP  and  HP  sensory  maps  slowly  increased  during  stroke  recovery,  but  remained 
substantially  below  pre-stroke  conditions  for  all  animals,  whether  treated  with  MEM  or  not  (Figure  4B,C). 
There  was  no  significant  difference  in  area  of  activation  of  HP  maps  with  MEM  treatment,  and  neither  the 
increases  in  FP  or  HP  maps  for  vehicle  treated  animals  were  significant.  Our  functional  activation  data  thus 
showed  a  similar  pattern  to  behavioral  data,  with  improved  recovery  in  FP  but  not  HP  function  with  MEM 
treatment. 

Decreased  reactive  astrogliosis  and  increased  vascular  density  in  peri-infarct  cortex  of  MEM-treated 
animals. 

Stroke  centered  over  forepaw  motor  cortex  resulted  in  a  consistent,  full-cortical-thickness  lesion,  which  at  28 
days  consisted  of  a  core  region  of  necrotic  tissue  (1.13  ±  0.12  mm3  stroke  +  vehicle;  1.22  ±  0.10  mm3  stroke  + 
MEM).  As  expected  in  control  animals,  this  lesion  was  encircled  by  an  immediate  border  of  mature,  compact 
glial  scar  and  a  surrounding  zone  of  moderate  to  mild  reactive  astrogliosis  (Sofroniew,  2009)  that  exhibited  a 
gradient  of  elevated  GFAP  expression  that  was  highest  near  the  lesion  and  declined  until  it  became 
indistinguishable  from  that  of  the  control  hemisphere  at  distances  greater  than  1770  pm  from  the  lesion  border 
formed  by  the  compact  glial  scar  (Figure  5B,C).  Vascular  density,  measured  by  PECAM1  staining  of  the 
endothelium,  was  maximally  decreased  in  the  immediate  vicinity  of  the  infarct  lesion  and  exhibited  a  gradient 
of  improvement,  becoming  indistinguishable  from  control  hemisphere  at  distances  greater  than  2mm  from  the 
lesion  border  (Figure  6B,C).  In  MEM-treated  animals,  these  gradients  of  changes  in  GFAP  and  PECAM1 
immunoreactivity  were  significantly  altered.  Notably,  the  total  area  of  GFAP  expressing  cells  was  significantly 
reduced  in  MEM-treated  compared  to  vehicle-treated  animals  in  each  region  of  interest  at  increasing  distances 
from  the  lesion  border.  Consequently,  GFAP  expression  in  MEM-treated  animals  became  indistinguishable 
from  control  hemisphere  beginning  750  pm  from  the  lesion  border,  as  opposed  to  2000  pm  in  vehicle-treated 
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animals  (Figure  5D).  This  difference  was  due  to  both  decreased  number  and  decreased  size  of  GFAP- 
immunoreactive  cells  (data  not  shown).  Furthermore,  PECAM1  expression  density  was  significantly  increased 
in  MEM-treated  vs.  vehicle  treated  animals  within  the  first  three  zones  of  tissue  (0-750  |im)  adjacent  to  the 
lesion  border  (Figure  6D,E). 

Increased  BDNF  pathway  signaling  in  peri-infarct  cortex  of  MEM-treated  animals. 

BDNF  expression  is  increased  during  stroke  recovery  (Ploughman  et  ah,  2009;  Clarkson  et  al.,  201 1;  Ke  et  ah, 
2011),  and  our  findings  of  alterations  in  glial  reactivity  and  vascular  morphology  motivated  an  examination  of 
GDNF  and  VEGF.  We  found  no  difference  in  GDNF  or  VEGF  expression  by  Western  blot,  in  peri-infarct 
cortex.  However,  there  was  a  significant  increase  in  BDNF  expression  in  MEM-  compared  to  vehicle-treated 
animals  in  peri-infarct  cortex  during  the  period  of  stroke  recovery.  Consistent  with  this  increase  in  expression, 
p-TrkB  expression  was  also  increased  in  this  region  (Figure  7). 
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Discussion 


We  have  shown  that  chronic  treatment  with  a  clinically  tolerated  medication,  dosed  to  deliver  concentrations 
comparable  to  human  use,  results  in  improved  stroke  outcome.  The  improvements  occurred  despite  the  fact  that 
it  was  delivered  orally  after  the  stroke,  and  the  fact  that  neuroprotection  was  not  observed.  The  translational 
significance  of  this  finding  is  two-fold.  Firstly,  it  suggests  a  treatment  for  stroke  recovery  that  is  clinically 
feasible.  Secondly,  it  suggests  that  stroke  recovery  can  be  improved  without  the  stringent  time-dependency  for 
neuroprotective  treatment. 

Recovery-promoting  vs.  neuroprotective  effects  of  orally-dosed  MEM. 

MEM  is  an  NMDA  antagonist  and  thus  would  be  expected  to  show  neuroprotective  effects  when  dosed 
appropriately.  Indeed,  MEM  has  been  shown  to  be  neuroprotective  when  given  either  before  (Babu  and 
Ramanathan,  2009),  or  within  the  first  two  hours  after  stroke  (Chen  et  al.,  1998;  Gorgulii  et  al.,  2000;  Lapchak, 
2006)  (however,  see  (Babu  and  Ramanathan,  2009).  These  studies  all  used  intraperitoneal  dosing,  which  would 
be  expected  to  result  in  rapid  attainment  of  phsysiologically  relevant  concentrations  (1-10  pM  in  brain  in 
30min;  (Chen  et  al.,  1998)).  In  contrast,  our  delivery  of  MEM  in  drinking  water  would  be  expected  to  yield 
physiologically  relevant  concentrations  more  slowly  (Minkeviciene  et  al.,  2004),  especially  with  reduced  water 
consumption  after  recovery  from  anesthesia.  These  factors  may  account  in  part  for  the  lack  of  neuroprotection 
seen  in  the  present  study.  This  lack  of  neuroprotection  is  important,  as  it  allows  us  to  specifically  assess  the 
effects  on  post-stroke  recovery.  MEM  dosing  in  the  present  study  was  chosen  to  mimic  dosing  that  has  been 
shown  to  be  effective  in  humans  for  Alzheimer’s  disease  (Kornhuber  and  Quack,  1995)(Minkeviciene  et  al., 
2004)  rather  than  a  dose  that  is  super-physiological  and  likely  to  have  undesired  effects. 

Improved  sensorimotor  recovery  in  MEM-treated  animals. 

Cylinder  and  grid  walking  tests  have  both  been  used  to  document  stroke  recovery  (Clarkson  et  al.,  2010,  2011) 
and  OIS  imaging  has  been  used  to  demonstrate  sensory  map  plasticity  after  stroke  (Brown  et  al.,  2007).  This 
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study  used  both  behavioral  and  physiological  measures  of  sensorimotor  cortex  function  to  detennine  the  effects 
of  MEM  on  stroke  recovery. 

We  observed  improvements  in  both  measures  (behavior  and  OIS  imaging)  following  treatment  with  MEM 
compared  to  vehicle.  Interestingly,  both  showed  improvement  in  FP,  but  not  HP,  behavior  and  sensory  maps. 
This  is  likely  due  in  large  part  to  greater  destruction  of  HP  cortex  by  our  stroke  technique  (Figures  1,2). 
However  other  explanations  might  also  be  considered.  MEM  is  an  activity-dependent  blocker  of  NMDA 
receptors  (Chen  and  Lipton,  2006;  Johnson  and  Kotermanski,  2006).  The  differential  use  of  the  FP  compared  to 
HP  (e.g.  for  exploratory  activity)  might  account  for  a  greater  effect  on  FP  sensory  maps  and  behavioral  function 
than  HP.  There  are  also  intrinsic  differences  in  FP  and  HP  excitability  and  plasticity  in  rodents  -  likely  in  part 
due  to  their  different  functions  -  which  might  explain  a  difference  in  post-stroke  recovery  between  the  two 
cortices  (David-Jurgens  et  al.,  2008;  Brown  et  al.,  2009). 

Because  cylinder  test  and  grid-walking  examine  both  sensory  and  motor  function,  and  because  our  infarct 
region  affected  both  sensory  and  primary  motor  cortex  regions,  it  is  not  possible  to  distinguish  sensory  and 
motor  recovery  mechanisms  with  precision.  Unlike  the  rat  where  precision-reaching  tasks  can  be  employed  to 
dissect  such  difference  (Klein  et  ah,  2012),  the  reaching  task  in  the  mouse  recovers  within  two  weeks  making  it 
difficult  to  tease  apart  sensory  and  motor  functions  (Clarkson  et  ah,  2011).  FP  and  HP  sensory  map  testing  is 
specific  to  sensory  function,  and  confirms  differential  map  plasticity  in  MEM-treated  animals  after  stroke,  but  it 
is  very  likely  that  motor  plasticity  also  occurred  because  of  its  prominent  role  in  stroke  and  lesion 
recovery(Ramanathan  et  ah,  2006;  Jones  et  ah,  2009).  There  are  also  extensive  reciprocal  connections  between 
sensory  and  motor  cortices,  arguing  that  plasticity  in  one  region  would  likely  be  accompanied  by  plasticity  in 
the  other.  Changes  in  plasticity  could  be  associated  with  changes  in  sprouting  of  new  connections  (Li  et  ah, 
2010),  synaptogenesis  (Clarkson  et  ah,  2011)  or  unmasking  of  quiescent  connections  (Clarkson  et  ah,  2010), 
among  several  mechanisms.  Finally,  sensory  cortex  has  actually  been  shown  to  be  capable  of  mediating  motor 
output:  whisker  barrel  sensory  cortex  in  mouse  mediates  whisker  retraction  in  a  complementary  loop  with  motor 
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cortex  protraction  (Matyas  et  al.,  2010).  While  similar  mechanisms  might  or  might  not  be  active  in  FP  cortex 
recovery,  this  work  raises  the  possibility  that  sensorimotor  recovery  might  be  driven  by  sensory  recovery  even 
in  the  absence  of  motor  cortex  plasticity. 

Increased  vascular  density. 

OIS  maps  are  generated  primarily  by  increases  in  blood  volume  or  oxygenation,  specific  to  the  activated  region 
of  cortex(Grinvald  et  al.,  1986;  Frostig  et  al.,  1990),  and  functional  stroke  recovery  is  correlated  with  increase 
or  recovery  of  vascular  density  in  peri-infarct  regions  (Zhang  and  Chopp,  2009).  We  found  that  PECAM1 
staining,  which  outlines  vascular  endothelium,  was  increased  within  0-750  |_im  of  tissue  adjacent  to  the  lesion 
border  in  MEM-treated  compared  to  vehicle-treated  animals.  This  area  corresponds  to  regions  activated  on  OIS 
mapping  (Figures  1,  4).  Vascular  integrity  is  a  prerequisite  for  survival  of  peri-infarct  tissue  and  subsequent 
functional  recovery,  and  during  stroke  recovery,  vascular  and  neural  plasticity  are  linked  (Ohab  et  al.,  2006; 
Zhang  and  Chopp,  2009).  It  is  thus  likely  that  OIS  map  plasticity  and  behavioral  recovery  were  mutually 
dependent  processes  in  MEM-treated  animals.  How  those  changes  were  driven  is  less  clear.  The  lack  of  a 
significant  difference  in  VEGF  between  MEM-  and  vehicle -treated  animals  argues  against  this  pathway. 
However  BDNF  signaling  has  been  shown  to  be  involved  in  angiogenesis  (Kermani  and  Hempstead,  2007),  and 
in  developmental  models,  endothelial  cells  have  been  shown  to  secrete  BDNF  (Leventhal  et  al.,  1999).  BDNF 
polymorphisms,  associated  with  poor  stroke  outcome  in  humans,  show  reduced  angiogenesis  in  animal  models 
(Qin  et  al.,  2011).  BDNF  can  also  have  acute  effects  on  the  OIS  functional  mapping  response  (Prakash  et  al., 
1996). 

Decreased  GFAP  expression. 

GFAP  expression  is  a  hallmark  of  reactive  astrogliosis  (Sofroniew,  2009).  Our  observation  of  a  decrease  in 
GFAP  immunoreactivity  in  peri-infarct  cortex  after  MEM-treatment  is  consistent  with  other  reports  that 
improvements  in  stroke  recovery  are  associated  with  reduced  astrocytic  reactivity  as  measured  by  GFAP 
expression  (Li  et  al.,  2005;  Bacigaluppi  et  al.,  2009).  The  cause  of  the  reduced  GFAP  expression  after  MEM- 
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treatment  in  our  animals  is  not  yet  clear  and  has  several  potential  explanations.  Reactive  astrogliosis  with 
upregulated  GFAP  expression  can  be  driven  by  a  wide  variety  of  different  molecular  signals  including 
neurotransmitters  such  as  glutamate,  small  molecules  such  as  ATP,  and  a  large  number  of  growth  factors  and 
cytokines  (Sofroniew,  2009).  A  simple  potential  explanation  for  the  reduction  in  GFAP  and  reactive  astrogliosis 
could  be  that  MEM  caused  a  reduction  of  extrasynaptic  glutamate  signaling  (Hardingham  and  Bading,  2010; 
Xia  et  ah,  2010)  reduced  the  production  of  neuronal  stress-related  molecules  driving  reactive  astrogliosis  in  the 
peri-infarct  cortex.  MEM  also  blocks  cortical  spreading  depression  (Peeters  et  ah,  2007),  a  phenomenon  which 
induces  astrogliosis  (Sukhotinsky  et  ah,  2011).  It  is  possible  that  MEM-mediated  inhibition  of  peri-infarct 
depolarizations  (Lauritzen  et  ah,  2011),  which  are  electrophysiologically  indistinguishable  from  spreading 
depression,  might  both  reduce  astrogliosis  and  favor  improved  recovery.  It  cannot  be  ruled  out  that  MEM  had  a 
direct  effect  on  astrocytes,  but  there  is  no  evidence  to  support  such  a  notion  at  this  time.  Further  work  is 
required. 

Increased  BDNF  signaling. 

BDNF  has  protean  effects  on  the  nervous  system  during  development,  plasticity,  and  repair  after  injury 
(Schinder  and  Poo,  2000;  Nagappan  and  Lu,  2005).  Increases  in  BDNF  expression  have  been  reported  in  peri- 
infarct  cortex  after  stroke  and  correlate  with  functional  recovery;  conversely,  attenuation  of  BDNF  activity 
worsens  outcome  (Chen  et  ah,  2005;  Sulejczak  et  ah,  2007).  MEM  treatment  at  levels  comparable  to  ours  has 
been  shown  to  increase  BDNF  mRNA  expression  across  the  brain  (Marvanova  et  al.,  2001;  Molinaro  et  al., 
2009). 

We  observed  an  increase  in  BDNF  and  p-TrkB  expression  in  MEM-  compared  to  vehicle -treated  animals  after 
stroke.  This  increase  was  specific  to  the  infarcted  hemisphere  (results  were  nonnalized  to  the  unaffected 
hemisphere)  and  it  was  significantly  greater  in  MEM-  than  vehicle-treated  animals.  The  specificity  of  the 
increase  to  the  infarcted  hemisphere  suggests  that  signaling  related  to  peri-infarct  recovery  and  plasticity  is 
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relevant.  The  increase  in  MEM-treated  animals  suggests  that  MEM  treatment  may  supplement  an  endogenous 
tendency  to  BDNF  increase  after  stroke. 


The  mechanism  of  MEM-induced  BDNF  increase  is  not  clear.  A  similar  increase  in  BDNF  and  TrkB  expression 
in  rats  treated  with  MK-801  suggests  the  BDNF  increase  might  be  NMDA-receptor  associated  (Marvanova  et 
al.,  2004;  Guo  et  al.,  2010;  Al-Amin  et  al.,  2011).  However,  though  NMDA  activity  and  BDNF  secretion  are 
often  tightly  linked  in  models  of  central  nervous  system  plasticity;  NMDA-  and  BDNF-mediated  plasticity  is 
typically  dependent  on  activation,  not  suppression,  of  NMDA  receptor  activity  (Baumbauer  et  al.,  2009;  Chen 
et  al.,  2010;  Ninan  et  al.,  2010).  Moreover,  increases  in  BDNF  expression  after  stroke  are  reduced  by  treatment 
with  MK-801,  which  is  evidence  that  NMDA  receptor  activation,  not  blockade,  is  responsible  for  post-stroke 
BDNF  increases  (Dietrich  et  al.,  2000). 

To  further  link  the  association  between  BDNF  and  post-stroke  recovery,  we  have  recently  reported  that 
AMPAKINES  that  are  able  to  induce  BDNF  levels  can  improve  motor  functions  after  stroke  (Clarkson  et  al., 
2011).  In  addition,  we  report  that  these  elevations  in  BDNF  levels  are  restricted  to  the  peri-infarct  regions  as 
motor  recovery  could  be  blocked  by  local  delivery  of  the  decoy  TrKB-Fc.  Consistent  with  these  findings,  the 
present  data  would  suggest  a  similar  site  of  BDNF  elevation  and  is  also  where  we  see  changes  in  angiogenesis 
and  modulation  of  astrogliosis. 


Conclusions  and  translational  relevance. 

We  have  shown  that  chronic  MEM  treatment  improves  stroke  outcome  and  sensory  map  recovery,  in  a  manner 
that  does  not  appear  to  be  neuroprotective,  and  involves  decreased  reactive  astrocytosis,  increased  vascular 
density,  and  increased  BDNF  expression.  Because  our  findings  affect  behavior  and  anatomically  specific 
functional  maps,  a  neuronal  mechanism  for  MEM’s  effects  is  obligatory,  though  it  may  not  be  the  only  one. 
MEM  has  been  used  for  many  years  in  treatment  of  Alzheimer’s  and  other  neurological  diseases,  and  has 
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proven  well  tolerated  in  an  elderly,  medically  complex  population.  More  recently,  MEM  has  been  used  to 
successfully  treat  post-stroke  aphasia  (Berthier  et  ah,  2009),  showing  that  it  is  well  tolerated  in  a  post-stroke 
population,  as  well  as  effective  in  promoting  post-stroke  plasticity.  Further  evaluation  of  MEM’s  mechanisms  in 
post  stroke  plasticity,  and  testing  of  MEM  in  a  clinical  situation,  appears  to  be  warranted. 
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Figure  Legends 


Figure  1.  Experimental  design  and  animal  preparation.  A.  Schematic  shows  temporal  sequence  of  stroke 
and  experimental  modalities.  B.  Image  shows  intact  translucent  mouse  skull  oriented  for  imaging.  Green  circle 
shows  area  exposed  to  photothrombosis;  white  and  black  squares  show  regions  of  interest  for  forepaw  (FP)  and 
hindpaw  (HP)  OIS  map  analysis.  Inside  the  regions  of  interest  are  FP  (purple)  and  HP  (yellow)  activation  maps. 
Red  lines  show  boundaries  of  tissue  removed  for  Western  blot  analysis. 

Figure  2.  Post-stroke  memantine  treatment  is  not  neuroprotective.  A,B.  Representative  40  pm  Nissl  stained 
sections  collected  28  days  after  infarct  for  vehicle-  and  MEM-treated  animals,  respectively.  C.  shows  mean  (± 
SEM)  infarct  area  (in  mm3;  n  =  4  vehicle  and  4  MEM-treated  animals).  There  was  no  significant  difference  in 
infarct  area.  D,  E,  F.  Representative  NeuN  stained  sections  from  sham  stroke-,  vehicle-,  and  MEM-treated 
animals,  respectively.  A1-A6:  regions  of  interest;  *:  infarct  core.  G.  Percent  area  occupied  by  NeuN-positive 
cells  in  250  pm  wide  regions  of  interest  at  increasing  distances  from  infarct  core  (or  equivalent  location  in  sham 
stroke-treated  animals).  There  was  no  significant  difference  in  area  between  groups.  H.  Average  area  of  NeuN- 
positive  cells  in  region  of  interest  closest  to  infarct  (Area  1;  n  (putative  cells)  =  245  control,  214  Stroke  + 
Vehicle,  248  Stroke  +  MEM).  Both  vehicle-  and  MEM-treated  animals  showed  an  increase  in  average  cell  size 
compared  to  sham-treated  animals,  but  there  was  no  significant  difference  between  the  two  groups  (One  way 
ANOVA  with  Newman-Keuls  Multiple  Comparison  Test;  N.S.:  not  significant). 
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Figure  3.  Improved  behavioral  recovery  from  stroke  with  MEM  treatment.  A.  Cylinder  test.  Graph  shows 
spontaneous  forepaw  asymmetry  index,  which  records  paw  use  on  rearing  (Index  =  (Left  -  Right)/  (Left  +  Right 
+  simultaneous).  The  animals  were  recorded  for  10  minutes  and  the  impaired  limb  was  on  the  right  side.  There 
was  a  significant  improvement  in  forepaw  asymmetry  at  28  days  of  MEM  treatment  (***p<0.001;  Repeated 
measures  One  Way  ANOVA  with  Newman-Keuls’  multiple  pair-wise  comparisons;  6  animals  per  group).  B, 
C.  Grid  Walking  test.  Functional  recovery  was  assessed  with  forelimb  (B)  and  hindlimb  (C)  foot  faults.  There 
was  a  significant  reduction  in  forelimb  but  not  hindlimb  foot  faults  at  28  days  of  MEM  treatment  (p<0.05,  two- 
way  ANOVA  with  repeated  measures  and  Newman-Keuls’  multiple  pair-wise  comparisons,  6  animals  per 
group). 

Figure  4.  Significant  recovery  of  forepaw  sensory  maps  with  MEM  treatment.  A.  FP  and  HP  sensory  maps 
in  representative  vehicle  (Stroke  +Veh)  and  MEM  (Stroke  +Mem)  treated  animals  ,  recorded  7  days  before  (-7), 
and  7,  14,  21  and  28  after  photothrombosis.  Last  column  shows  overlay  of  pre-stroke  and  28  day  post-stroke 
maps.  B,  C.  Area  of  activation  (mean  ±  SEM,  half  maximal  signal)  for  FP  and  HP  respectively.  There  was  a 
significant  increase  in  FP,  but  not  HP,  activation  area  at  28  days  of  MEM  treatment  (*p<0.05,  One-way 
repeated  measures  ANOVA  with  Tukey  Multiple  Comparison  Test). 
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Figure  5.  Decreased  reactive  astrocytosis  in  MEM-treated  animals.  A,B,  C.  Representative  GFAP 
inmuhistochemistry  from  sham  stroke-,  vehicle-  and  MEM-treated  groups  respectively.  A 1-6:  regions  of 
interest;  *:  infarct  core;  arrows:  glial  scar.  D.  Percent  area  occupied  by  GFAP-positive  cells,  in  250  pm  wide 
regions  of  interest  beginning  at  the  margin  of  the  glial  scar.  There  was  a  significant  reduction  in  percent  area 
occupied  by  GFAP-positive  cells  in  MEM-  compared  to  vehicle-treated  animals.  There  was  no  significant 
difference  in  the  area  of  the  glial  scar  between  MEM-  and  vehicle-treated  animals  (Inset).  One-way  ANOVA 
with  Tukey  Multiple  Comparison  Test  *p<0.05,  **p<0.01,  ***p<0.001. 

Figure  6.  Increased  vascular  density  in  MEM-treated  animals.  A,  B,  C.  Color  figures  show  representative 
PECAM-1  inmuhistochemistry  for  sham  stroke-,  vehicle-  and  MEM-treated  animals,  respectively.  The  color 
insert  in  each  figure  is  an  amplification.  Black  and  white  figures  in  each  panel  are  the  same  figures  after  image 
processing.  D,  E.  PECAM-1  quantification.  D.  shows  percent  area  occupied  by  PECAM-1  inmunoreactivity  in 
250  pm  wide  regions  of  interest  beginning  at  the  glial  scar  margin  (a  proxy  for  vascular  density);  E.  shows  the 
average  area  of  each  PECAM-1 -positive  image  region  (a  proxy  for  vascular  length  and  diameter).  There  was  a 
significant  difference  in  both  measures  between  MEM-and  vehicle-treated  animals  (One  way  ANOVA  with 
Bonferroni  post  hoc  testing;  *p<0.05,  **p<0.01,  ***p<0.001). 
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Figure  7.  Increased  BNDF  pathway  signaling  in  MEM-treated  animals.  A.  Quantification  (mean  optical 
density,  nonnalized  to  GADPH)  of  Western  Blots  (representative  blots  in  B.).  There  was  a  significant  increase 
in  BDNF  and  phospho-TrkB  expression,  consistent  with  activation  of  the  BDNF  pathway.  (*p<0.05,  Student’s 
t  test). 
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Figures 


Figure  1.  Experimental  design  and  animal  preparation. 

A.  Schematic  shows  temporal  sequence  of  stroke  and 
experimental  modalities.  B.  Image  shows  intact  translucent 
mouse  skull  oriented  for  imaging.  Green  circle  shows  area 
exposed  to  photothrombosis;  white  and  black  squares  show 
regions  of  interest  for  forepaw  (FP)  and  hindpaw  (HP)  OIS 
map  analysis.  Inside  the  regions  of  interest  are  FP  (purple) 
and  HP  (yellow)  activation  maps.  Red  lines  show  boundaries 
of  tissue  removed  for  Western  blot  analysis. 
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Figure  2.  Post-stroke  memantine  treatment  is  not  neuroprotective. 

A,B.  Representative  40  pm  Nissl  stained  sections  collected  28  days 
after  infarct  for  vehicle-  and  MEM-treated  animals,  respectively.  C. 
shows  mean  (±  SEM)  infarct  area  (in  mm3;  n  =  4  vehicle  and  4  MEM- 
treated  animals).  There  was  no  significant  difference  in  infarct  area.  D, 
E,  F.  Representative  NeuN  stained  sections  from  sham  stroke-,  vehi¬ 
cle-,  and  MEM-treated  animals,  respectively.  A1-A6:  regions  of  interest; 
*:  infarct  core.  G.  Percent  area  occupied  by  NeuN-positive  cells  in  250 
pm  wide  regions  of  interest  at  increasing  distances  from  infarct  core  (or 
equivalent  location  in  sham  stroke-treated  animals).  There  was  no 
significant  difference  in  area  between  groups.  H.  Average  area  of 
NeuN-positive  cells  in  region  of  interest  closest  to  infarct  (Area  1 ;  n 
(putative  cells)  =  245  control,  214  Stroke  +  Vehicle,  248  Stroke  + 

MEM).  Both  vehicle-  and  MEM-treated  animals  showed  an  increase  in 
average  cell  size  compared  to  sham-treated  animals,  but  there  was  no 
significant  difference  between  the  two  groups  (One  way  ANOVA  with 
Newman-Keuls  Multiple  Comparison  Test;  N.S.:  not  significant). 
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Figure  3.  Improved  behavioral  recovery  from  stroke  with  MEM  treatment.  A.  Cylinder  test.  Graph 
shows  spontaneous  forepaw  asymmetry  index,  which  records  paw  use  on  rearing  (Index  =  (Left  - 
Right)/  (Left  +  Right  +  simultaneous).  The  animals  were  recorded  for  10  minutes  and  the  impaired 
limb  was  on  the  right  side.  There  was  a  significant  improvement  in  forepaw  asymmetry  at  28  days  of 
MEM  treatment  (***p<0.001;  Repeated  measures  One  Way  ANOVA  with  Newman-Keuls’  multiple 
pair-wise  comparisons;  6  animals  per  group).  B,  C.  Grid  Walking  test.  Functional  recovery  was 
assessed  with  forelimb  (B)  and  hindlimb  (C)  foot  faults.  There  was  a  significant  reduction  in  forelimb 
but  not  hindlimb  foot  faults  at  28  days  of  MEM  treatment  (p<0.05,  two-way  ANOVA  with  repeated 
measures  and  Newman-Keuls’  multiple  pair-wise  comparisons,  6  animals  per  group). 
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Figure  4.  Significant  recovery  of  forepaw  sensory  maps  with  MEM  treat¬ 
ment.  A.  FP  and  HP  sensory  maps  in  representative  vehicle  (Stroke  +Veh) 
and  MEM  (Stroke  +Mem)  treated  animals  ,  recorded  7  days  before  (-7),  and 
7,  14,  21  and  28  after  photothrombosis.  Last  column  shows  overlay  of  pre¬ 
stroke  and  28  day  post-stroke  maps.  B,  C.  Area  of  activation  (mean  ±  SEM, 
half  maximal  signal)  for  FP  and  HP  respectively.  There  was  a  significant 
increase  in  FP,  but  not  HP,  activation  area  at  28  days  of  MEM  treatment 
(*p<0.05,  One-way  repeated  measures  ANOVA  with  Tukey  Multiple  Compari¬ 
son  Test). 
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Figure  5.  Decreased  reactive  astrocytosis  in  MEM-treated  animals.  A,B,  C 
Representative  GFAP  inmuhistochemistry  from  sham  stroke-,  vehicle-  and  MEM- 
treated  groups  respectively.  A1-6:  regions  of  interest;  *:  infarct  core;  arrows:  glial 
scar.  D.  Percent  area  occupied  by  GFAP-positive  cells,  in  250  pm  wide  regions  of 
interest  beginning  at  the  margin  of  the  glial  scar.  There  was  a  significant  reduc¬ 
tion  in  percent  area  occupied  by  GFAP-positive  cells  in  MEM-  compared  to 
vehicle-treated  animals.  There  was  no  significant  difference  in  the  area  of  the 
glial  scar  between  MEM-  and  vehicle-treated  animals  (Inset).  One-way  ANOVA 
with  Tukey  Multiple  Comparison  Test  *p<0.05,  **p<0.01 ,  ***p<0.001 . 
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Figure  6.  Increased  vascular  density  in  MEM-treated 
animals.  A,  B.  C.  Color  figures  show  representative 
PECAM-1  inmuhistochemistry  for  sham  stroke-,  vehicle- 
and  MEM-treated  animals,  respectively.  The  color  insert  in 
each  figure  is  an  amplification.  Black  and  white  figures  in 
each  panel  are  the  same  figures  after  image  processing.  D, 
E.  PECAM-1  quantification.  D.  shows  percent  area  occu¬ 
pied  by  PECAM-1  inmunoreactivity  in  250  pm  wide 
regions  of  interest  beginning  at  the  glial  scar  margin  (a 
proxy  for  vascular  density);  E.  shows  the  average  area  of 
each  PECAM-1 -positive  image  region  (a  proxy  for  vascular 
length  and  diameter).  There  was  a  significant  difference  in 
both  measures  between  MEM-and  vehicle-treated  animals 
(One  way  ANOVA  with  Bonferroni  post  hoc  testing; 

*p<0.05,  **p<0.01 ,  ***p<0.001 ). 
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Figure  7.  Increased  BNDF  pathway  signaling  in  MEM-treated  animals.  A. 

Quantification  (mean  optical  density,  normalized  to  GADPH)  of  Western  Blots 
(representative  blots  in  B  ).  There  was  a  significant  increase  in  BDNF  and 
phospho-TrkB  expression,  consistent  with  activation  of  the  BDNF  pathway. 
(*p<0.05,  Student’s  t  test). 
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